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ABSTRACT
A statistical central composite design (CCD) was employed to investigate the effects of
cellulose nanocrystal (CNC) and cellulose nanofiber (CNF) volume fractions, as well as relative
free volume fraction, on the thermal barrier properties of a pigment-based coating for cellulosic
substrates composed of calcium carbonate (CaCO3) and a copolymer binder, poly(styrene-comethacrylic acid). Average room-temperature thermal conductivity (based on three replicates) was
selected as a response and calculated for the different coating formulations using reverse nonequilibrium molecular dynamics (RNEMD) simulation with the Müller-Plathe algorithm. A
reduced quadratic response surface model was fitted to the response data and analysis of variance
(ANOVA) was performed. The effects of CNC and relative free volume fractions on the average
thermal conductivity of the coatings were found to be significant, while the CNF volume fraction
was insignificant. Overall, relative free volume fraction, which is representative of the porosity in
the coating, showed a much larger impact on the average thermal conductivity than that of CNC
volume fraction. Moreover, a weak interaction was observed between the two significant factors.
Specifically, at low relative free volume fractions, addition of CNC to the formulation lowered the
average thermal conductivity more than that of high relative free volume fractions. The pore size
distribution analysis and average pore size calculation for the coatings (~5.25 Å for low and
~6.50 Å for high relative free volume fractions) did not reveal any significant effect of CNC on
these properties at either low or high relative free volume fractions. However, the larger average
pore size in the coatings associated with larger relative free volume fractions correlated well
between the increase in pore size and reduced thermal conductivity in these coatings.
ii

Consequently, a larger CaCO3-CNC interfacial phonon scattering at low relative free volume
fractions is believed to be the reason behind the above observations. The lowest thermal
conductivity (0.075 W m-1 K-1), corresponding to highest thermal barrier property, was obtained
for the coating with 2.50 vol.% CNC at a relative free volume fraction of 30%. Since CNF volume
fraction was not a significant factor, its level was set at 0 vol.%. The results of this study provide
a framework for a systematic design and optimization of pigment-based thermal barrier coatings
for cellulosic substrates.
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1.
1.1.

INTRODUCTION

MOTIVATION AND OBJECTIVES OF THE RESEARCH
More than 820 million people on our planet are hungry, so daily food is not a guarantee for

them. With the fast-paced increase of the world population, world hunger and food wastage will
rise significantly. An estimated 40 million Americans, including 12.5 million children, struggle
with food insecurity, meaning they cannot afford an adequate diet.1 For instance, a high food
insecurity with the highest housing costs (mostly urban) has been identified in the state of
Mississippi.2 One of the reasons behind the food insecurity is food waste/loss, which typically
refers to the food lost in the earlier stages of production such as harvest, storage, and transportation.
It can also occur along the latter half of the supply chain with distributors, retailers and
restaurants.34 This waste can be minimized with the redistribution of foods using a robust
packaging. This enhances food quality, freshness and safety, and shelf-life extension. Promoting
packaging innovation within the industry that prolongs the shelf-life of products ensures food
safety.35 Since fresh and minimally processed food items are temperature-sensitive, thermal barrier
(TB) performance of food packaging is of critical importance. One way to better protect food
against heat during transportation in hot climates is to apply a TB coating onto a paper substrate.4
Cellulose substrates are the most environmentally friendly paper-based packaging materials which
can be recycled, and they are also more biodegradable than plastic packaging. Meanwhile, some
nanoparticles have unique properties that can enhance TB functionality (and hence reduce thermal
conductivity) of the coating formulation.
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Although there have been experimental studies that have shown promising thermal barrier
enhancements of the coatings, understanding the effects of different levels of porosity, as well as
addition of nanoparticles to the coating formulation, on the TB properties of the resulting coatings
is cumbersome through experiments alone. Herein, molecular dynamics (MD) simulations, was
used to model TB coatings and predict their thermal conductivities. Moreover, the relationships
between the addition of nano-additives, such as cellulose nanocrystals (CNC) and cellulose
nanofibers (CNF), to the coating formulation and porosity on the thermal barrier performance of
these coatings were unraveled.
The major objectives of this study are listed as follows:
•

Building the atomistic network structure of the TB coatings.

•

Estimating the thermal conductivities of the coatings with different quantities of CNC and
CNF, as well as porosity levels, in the formulation and exploring the main and interaction
effects of the factors on the TB properties of the coatings.

•

Developing a predictive model based on the relative significance of the factors using Response
Surface Methodology (RSM) within a Central Composite Design (CCD) framework.

•

1.2.

Optimizing the coating formulation with the desired optimal bulk porosity.

LITERATURE REVIEW

1.2.1. CELLULOSE-BASED SUBSTRATE AND ITS PROPERTIES
Cellulose was discovered in 1838 by the French chemist Anselme Payen, during his
investigation of different types of wood. He obtained a substance that was not like starch (glucose
or sugar in its stored form), even though it could still be broken down into the basic units of glucose
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in a similar manner as starch. This new material was named “cellulose” because it had been
produced from plant cell walls. Payen isolated it from plant matter and determined its chemical
formula.3,5–7 In 1992, Kobayashi and Shoda, chemically synthesized the compound for the first
time (without the use of any biologically derived enzymes). Cellulose can be found in abundant
organic compounds all over the world and is mostly produced by herbal cells and tissue structural
components of plants.8
Cellulose is used as a nearly pure state in only a few instances in nature, whereas mostly it
is combined with lignin and other polysaccharides (so-called Hemicelluloses).6 It is a linear
homopolymer of glucose monomers at the molecular level.9 Its chemical structure (Figure 1.1)
shows the polymer, formed by condensation, with the monomers connected together by glycosidic
oxygen bridges. Cellulose chains in the crystals are stiffened by inter and intra chains through
hydrogen bonds with the neighbor sheets overlaying one another held together by weak van-der
Waals forces.10 The chains are composed of β-1,4-linked glucopyranose units that form a high
molecular weight linear homopolymer, in which every monomer unit is corkscrewed at 180° angle
with respect to its neighbors.11 The repeat unit of the natural polymer is a glucose dimer, known
as cellobiose. The degree of cellulose polymerization in nature can be varied by the source of
origin approximately 10,000 glucose units for wood-derived cellulose and 15,000 units for plant
cellulose.10 Each glucopyranose unit bears three hydroxyl groups, which impart some of its
characteristic properties including chirality, hydrophilicity, or biodegradability initiated by the
high reactivity of the hydroxyl groups.12 Additional properties such as multiscale micro-fibrillated
structure, hierarchical organization (crystalline and amorphous fractions), and highly cohesive
nature is due to the ability of hydroxyl groups to form strong hydrogen bonds.13
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Figure 1.1. The chemical structure of cellulose, which is a linear polymer made up of β-D-glucopyranose units
covalently linked with (1–4) glycosidic bonds.5

Cellulose is insoluble in water and most common solvents, which is attributed to the strong
intramolecular and intermolecular hydrogen bonding between the individual chains.14 In spite of
its poor solubility characteristics, cellulose has been used in daily life for thousands of years in
various industries such as food,4,15–17 wood and paper,1,18–22, cosmetic and pharmaceutical
industries as excipient.23–25

1.2.1.1.

PHARMACEUTICAL

Cellulose and its derivatives such as cellulose ethers or cellulose esters have been used in
many pharmaceutical applications. The most used cellulose ethers examples are: Methyl cellulose
(MC), Ethyl cellulose (EC), Hydroxyethyl cellulose (HEC), Hydroxypropyl cellulose (HPC),
hydroxypropylmethyl cellulose (HPMC), carboxymethyl cellulose (CMC) and sodium
carboxymethyl cellulose (NaCMC). Various types of organic cellulose esters have also been used
in commercial products or in pharmaceutical investigations such as cellulose acetate (CA),
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cellulose acetate phthalate (CAP), cellulose acetate butyrate (CAB), cellulose acetate trimelitate
(CAT), and hydroxupropylmethyl cellulose phthalate (HPMCP).23

1.2.1.2.

PAPER SUBSTRATES IN FOOD PACKAGING

Food packaging exhibits the outstanding characteristics of retarding product deterioration,
extending shelf-life, and maintaining or improving the quality and safety of food.26 Cellulosic
paper as one of the renewable, flexible, and biodegradable materials mainly consists of a wide
range of cellulose sources in nature used in the field of food packaging as well.27–29 However,
cellulosic paper substrates, owing to their hydrophilic and porous structures, also have inherent
shortcomings, such as poor microbial resistance, porous structure, low mechanical and thermal
barrier properties. Moisture and oxygen penetration shorten the shelf-life, especially at high
temperature conditions for long-term food storage and preservation.30,31 Recently, cellulose has
also been used in glass vial packaging containers of the coronavirus syringe vaccines as primary
packaging during distribution and storage.32,33 The vaccines should be protected at very low
temperature with the packaging, resulting in a very low heat loss while being transported which
signify a thermal barrier coating.32,33 To overcome the inherent defects of cellulosic paper
packaging and food waste/loss, a coating layer over the cellulosic paper packaging can enhance
their thermal barrier properties.

1.2.2. COATING COMPONENTS FOR THERMAL BARRIER COATINGS
1.2.2.1.

BASIC COMPONENTS OF PAPER COATINGS

The four basic components of paper coatings are pigments, binders, solvents and additives.
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The pigments are composed of solid particles of uniform and controlled size. They fill in
large pores in the substrate, provide decorative color, and also may enhance desired properties of
the coating, such as corrosion resistance.36 They also enhance gloss, smoothness and ink
receptivity/printability of the coatings since frequently information over the paper coating of food
packaging is required. Kaolin, talc and calcium carbonate are the most common pigments used in
the paper coating.36
Binders, resins, or polymers serve two essential purposes in a coating. The first purpose is
to hold the other components together prior to application of the coating. Then, during the curing
process (heating, radiation, or a chemical reaction), the binder’s molecules join to form a hard
protective film that protects the surface onto which the coating has been applied.37 Also, they fill
voids between the pigment particles and porous coating structure and can influence the viscosity
and water retention of the coating color. Acrylate polymers or copolymers such as poly (Styreneco-Methacrylic acid) are good binders for the coating formulation since they have H-bonding in
their structures.37
The materials that permit the coating to be applied in a dispersed state are called solvents.
Solvents may be organic or aqueous. They are in the formulation to aid in mixing of coating
components (resins, pigments, and additives), viscosity, and application of the coating. While the
choice of solvent influences the viscosity of the formulation, it is not considered a viscosity
modifier since it evaporates after application, leaving a dry film.38
Additives change the formulation in one or more ways. In general, the quantity of additives
is small, but they improve the overall quality.39 Several common ones include foam control agents;
dispersants; viscosity modifiers; coating lubricators; preserving agents; actual color, tints or
brightening agents. 39 CNC, CNF, nano-TiO2 and nano-silica are used as additives in the coating
6

formulation.39 Dispersants are also another additive that maintains pigment separation by
electrostatic stabilization mechanism. Paper dispersants such as the sodium salt of acrylic acid
(Dispex N40) have high dispersion efficiency, coating viscosity stability, are nontoxic,
noncorrosive, and improve the coating solids content and fluidity.40 Paper dispersants can also
increase the machine speed, save pulp beating time, reduce energy consumption, and offer
significant economic benefits.40

1.2.2.2.

NANO-ADDITIVES

One approach to improve the thermal resistance and mechanical properties of paper
coatings to achieve a robust package for redistribution of foods is to use specialty nano-additives
in the coating formulation.41 Over the last three decades, extensive research has been undertaken
on the use of coatings applied to cellulose-based substrates.42 They have been widely used as
thermal,39,43 moisture,44–47 and gas or solute48 barriers in the food packaging applications. Among
these, sustainable packaging with a longer shelf life to improve overall food quality is an important
area of study, especially when exposed to acute high humidity and temperature. Nanoparticle
additives including nano-silica45,49,50, nano-clay51,52, CNF,21,53–55 and CNC39,56,57 have been
exploited to improve thermal barrier properties in coatings and indeed in many composite
materials.
In plant cell walls, approximately 36 individual cellulose molecular chains connect
together through hydrogen bonds to form a larger unit known as nanocellulose and elementary
fibrils. Larger microfibrils with a diameter of 5–50 nm and several mm in length is created by
packing several elementary fibrils. These microfibrils have disordered regions (amorphous) and
highly ordered regions (crystalline) as illustrated in Figure 1.2. When cellulose is exposed to pure
7

acid hydrolysis treatment, the amorphous regions are selectively hydrolyzed owing to the greater
susceptibility of being attacked by acids compared with the crystalline domains. Consequently,
these microfibrils break down into shorter crystalline parts with a high degree of crystallinity
which is generally referred to as CNC, as shown in Figure 1.2.58

Figure 1.2. The mechanism of chemical and mechanical methods for producing CNC and CNF from cellulose. 58

In contrast to CNC, mechanical methods produce CNF together with the crystalline and
amorphous regions using high shear forces. Different techniques have been utilized to produce
CNF, such as high grinding, pressure homogenization and ultrasonic techniques. Ball milling, as
a top-down technique can convert micro to nano-scale materials with the inducing heavy cyclic
deformation.58
Among these, CNC and CNF serve as dual-purpose modifiers, such as processing aids
(dispersing agents) and thermal conductivity reducers, for some common polymer/inorganic
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coatings 39,59. As a case in point, Hutton-Prager et al.39 investigated the effect of nano-TiO2, nanoclay, and CNC into calcium carbonate-coatings common in paper/paperboard applications, to see
improvements in thermal barrier performance. Thermal conductivity of the samples was also
measured which has an inverse correlation with the thermal barrier. The thermal barrier
performance was improved with the presence of the nanoparticle (NP) additives to the calcium
carbonate coatings. As shown in Figure 1.3, conductivity of coated paper with nanoparticle
additives (TiO2 and CNC) was reduced by a factor of 1.3 times compared with baseline coated
papers (no additive introduced). For 2 wt% CNC added to the coating formulation, the thermal
conductivity of coated paper was approximately 0.05 W/m.K both before and after heat treatment,
despite the porosity of the coated sample increasing from 13.6% to 20.6% as a result of the thermal
load applied.

Figure 1.3. Thermal conductivities of selected coated samples, before and after heat treatment.39

The thermal conductivity with nano-TiO2 reduced as much as the CNC, but with much
higher contents. It seems that 2 wt.% CNC would be more promising to use as a thermal barrier
agent in the calcium carbonate-based coatings.
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Jung et al.60 investigated the thermal stabilities of coatings for fresh fruit under different
thermal storage conditions using cellulose nano materials (CNMs). Even if fresh fruits are rich
in minerals, vitamins, and phytochemicals, but are highly perishable, the need to enhance
storability along with the cost-effective coating technology is crucial to prevent waste and target
moisture and gas barrier, mechanical and other desirable properties. The applications of CNMs in
fruit coatings showed great promises for improving quality and storability of postharvest fresh fruit
under various storage conditions.
Sun et al.61 investigated the effect of different ratios of CNC and CNF suspension films
on thermal performance and compared the results with polymer battery separator (PBS) coating
films. The thermal expansion and thermal stability of CNC/CNF suspension films improved as the
CNF loading increased in the suspension, with thermal stability up to 340 ͦ C, while the PBS film
melted at 135 ͦ C.
Yang et al.62 prepared bamboo pulp fabrics coated with graphene and CNC (Gr/CNC)
solutions. With the addition of graphene to the system, thermal conductivity was reduced. The
thermal conductivity of the as-prepared fabrics was measured to be 0.136 W m-1 K-1 with the Gr
and CNC weight fractions of 3 and 4 wt.%, respectively.
He et al.63 developed a new natural coating formulation composed of carboxymethyl
cellulose (CMC) with various quantities of CNC immobilized silver nanoparticles
(CNC@AgNPs) for the paper coating. The CNC was first isolated from pea hull waste by using
alkali treatment, bleaching and sulfuric acid hydrolysis method. AgNPs were then synthesized and
immobilized onto the CNC surface using CNC as a template and stabilizer, and sodium citrate as
reductant. All analyses showed that the addition of CNC@AgNPs into the CMC matrix
significantly improved the thermal stability of the CMC coated paper. The mechanical strength,
10

water vapor and air barrier properties, and antibacterial activities of CMC/CNC@AgNPs coated
paper improved with the increasing content of CNC@AgNPs. Furthermore, CMC/CNC@AgNPs
coated paper was used to package strawberries under ambient conditions. The results also showed
that coated paper could maintain better packaging quality compared with unpackaged strawberries.
Therefore, the prepared CMC/CNC@AgNPs coated paper has good potential in food packaging.
Sanchez-Garcia et al.64 incorporated nano-clays, micro and nanofibers of cellulose
(CNF), and carbon nanofibers and nanotubes into bioplastics. This attractive idea improved the
general physical properties in plastics and bioplastics. They showed nano-biocomposites
specifically developed for food packaging applications, in which mainly cellulose biofibers, their
highly crystalline building nano-blocks and food contact complying non-montmorillonite (nonMMT) types of nano-clays. They have been used in melt blending and solution casting processing
routes to improve the barrier properties to gases and vapors and to impart additional functionalities
to bio-packaging plastics. The small content of nano-clay (10 wt.%) could improve rigidity,
thermal/dimensional stability, and resistance to oxygen and water vapor permeability of
biopolymers.
A polylactic acid (PLA) with montmorillonite, as film forming mixture onto cellulose
based paper, could be a promising polyester bio-based formulation for food packaging studied by
Adana et al.51 The PLA, due to its low thermal stability, was mixed and incorporated with the
montmorillonite as a thermal stabilizing agent. The montmorillonite had excellent chemical
interaction with the polymer matrix, evidenced by the modification of the thermal properties
measured using Differential Scanning Calorimetry (DSC). The measured crystallization enthalpy
of 3.7 J·g−1 for PLA and 14 J·g-1 for PLA–montmorillonite, evidenced clay interaction as a crystal
nucleating agent that improved thermal stability of PLA food coatings.
11

Cheng et al.49 used a novel phosphorus-rich hybrid organic-inorganic silica coating to
improve the flame retardancy of prepared silk fabrics. Those silks were treated with three different
silane coupling agents. The flammability and thermal degradation properties of the treated silk
fabrics were determined in terms of vertical burning, limiting oxygen index, pyrolysis combustion
flow calorimetry and thermogravimetric analyses. The flammability tests showed the silicon sol
could give silk fabric an excellent flame retardancy when it was doped with phytic acid (PA), and
the treated silk fabrics self-extinguished immediately once the ignition source was removed. Also,
the test revealed that PA and silicon compounds exhibited a synergistic flame retardancy (FR)
effect. The enhanced flame retardancy property was mainly attributed to the increased char
forming properties and thermal stability, resulting in less weight loss and combustible gases
released in the burning process. Yang et al.50 also prepared fire-retardant coatings coated over
plywood boards using mixtures of cyclic phosphate ester acid (PEA) and melamine formaldehyde
resin. The author studied the influence of nano-silica on the thermal stability, flame retardancy and
smoke suppression properties of coatings using the tunnel method test, cabinet method test, smoke
density test, cone calorimeter test, thermo-gravimetric analysis (TG), Fourier-Transform Infrared
Spectroscopy (FTIR), Scanning Electron Microscopes (SEM), and Electron Microscope Analyzers
(EDS) of the mixture coating. The results exhibited remarkably decreased values of weight loss,
char index, flame spread rating, heat release rate, total heat release, smoke production rate, and
total smoke release of the coatings with the addition of nano-silica. They expected these outcomes
due to the formation of a compact and intumescent char layer during combustion. The TG results
showed improvements of thermal stability and residual weight of the coatings with the
incorporation of nano-silica. The char residue analysis revealed that the nano-silica enhanced the
char-forming ability, intumescence and antioxidation properties of the coatings owing to the
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synergistic effect existing between silicon and phosphorus, resulting in a stronger shielding effect
in the condensed phase.

1.2.3. EFFECT OF POROSITY ON THERMAL COATINGS
Porosity is another influential factor in reducing the thermal conductivity of polymer-based
coatings.65 In the case of solid coatings, free volume of the polymer is directly proportional to
porosity.66 There is generally an inverse relationship between thermal conductivity and free
volume, up to a certain value of porosity.67,68
For instance, Nascimento69 found that thermal conductivity of a binary rubidium and
cesium silicate glass drastically dropped by 15 orders of magnitude due to the structure of a glassy
network expansion of the binary composite and the ion content which was associated with
available free volume. Another research study conducted by Xue et al.70 used positron
spectroscopy to systematically determine a correlation between the free volume and thermal
conductivity of a porous poly(vinyl alcohol) (PVA)/reduced graphene oxide (rGO)
nanocomposite. With the addition of rGO to PVA, free volume was observed to decrease.
Moreover, an increase in the thermal conductivity of the nanocomposite was correlated to an
increase in the rGO content through a linear relationship. The authors claim that these observations
are rooted in improved rGO-PVA interfacial interactions due to hydrogen bonding. Oliker et al.71
investigated the effect of the porous structure of zirconium oxide thermal barrier coatings (TBC)
on their heat conductivities. The comparative analysis of the effects of various structural elements
(porosity and pore size) on the heat conductivity of coatings revealed that the pore size was a
decisive factor for coatings with micron-scale grains at equal porosity. The author proposed a
model of heat conductivity of porous materials that takes into account not only the volume fraction
13

of pores, but also the distance between pores. There is a direct correlation with the heat
conductivity of the coating and the distance between pores (Figure 1.4). Since the free path of
phonons scattered by pores depends on the distance between them, the concept of critical distance
between pores is introduced. The thermal conductivity changes plateau after a certain pore
distance.

Figure 1.4. Heat conductivity versus the distances between pores.71

Thermal conductivity of various porous TBCs used at elevated temperatures in gas turbines
have been evaluated using a model by Moteb et al.72 The author studied the thermal conductivity
of TBCs based on microstructural features to evaluate the effect of different types of porosities on
thermal conductivity. The volumetric fraction of porosities along with their orientation, shape, and
morphology shows a considerable impact on the overall thermal conductivity of TBCs. In this
study, microstructure characterization for selected TBCs was conducted using image analysis via
ImageJ.72 Microcracks and interlamellar porosity were prominent factors in optimizing the thermal
resistance. The drastic increase in thermal conductivity after heating TBCs to high temperatures
was due to the sintering effect. Small defects were greatly influenced by the heat treatment process
and tended to vanish, particularly interlamellar, penny-shaped, and non-flat porosity and
microcracks.
14

1.2.4. MOLECULAR SIMULATION OF COATINGS
Molecular dynamics (MD) simulation is a powerful computational tool that can provide
both qualitative and quantitative information regarding the underlying physicochemical
mechanisms and interactions in the cellulose coating systems.73–75 There are limited molecular
dynamics (MD) simulation studies of the thermal properties of cellulose-based materials and their
nanoenhanced variants. For example, Morikawa et al.76 measured the thermal diffusivity of
cellulose paper, a porous and thin material, determined experimentally by an ac Joule heating
method. Fernandes et al.77 designed reusable eco-friendly cellulose-based packaging materials that
consisted of cellulose layered with nonacosan-10-ol and nonacosan-5,10-diol molecules. They
predicted the mechanical and physical properties of the modified cellulose using molecular
dynamic studies. Deng et al.78 found that the isobaric heat capacity and thermal conductivity of
cellulose nanofluids were increased by the addition of water and imposing heat flux in the chain
direction of cellulose. Du et al.79 studied the effect of carbon nanowires on the thermodynamic
properties of cellulosic insulating papers as transformer voltage insulations using molecular
simulations. The thermal stability of the insulating papers improved with the incorporation of the
carbon nanowires. In another computational study, the effect of polysiloxane-modified paper on
the thermal stability of insulation paper was investigated by Tang et al.

80

. The cellulose chains

were terminated by the polysiloxane groups, and the MD simulation results showed a 50 K
improvement in the glass transition temperature elastic modulus at various temperatures. The
increase in glass transition temperature, as well as an increase in elastic modulus were considered
representative of the interaction energies between the polysiloxane and cellulose groups,
representing the thermal stability of the insulating papers.

15

1.3.OUTLINE OF THE PRESENT STUDY
Given the molecular-level complexity of the TB coatings and their formulationnanostructure-property relationships, a more systematic investigation of such coatings is
warranted. The purpose of the current study is to build on earlier experimental work on
CaO3/CNC/CNF TB coatings for cellulosic substrates39,81 using statistically designed classical MD
simulations. In previous experimental work, a substantial reduction in the temperature difference
across the coated cellulose paper was observed when CNC, CNF, and hybrid CNC/CNF additives
were used in the TB coating formulation.39,81 While it was speculated that changes to the porosity
of the coating due to possible CNC/CNF microporous network formations may have contributed
to the observed temperature differences, these observations were not directly correlated.39 To
provide a better molecular-level understanding of the reported phenomena, MD simulations were
performed on coatings with the same ingredients as those used in the experiments39 within a design
of experiments (DOE) and response surface methodology (RSM) platform. These statistical
methods have successfully been used in the past to determine the structure-property-performance
relationships in polymer nanocomposites.82–87
The main objective of this work was to systematically investigate the effects of CNC,
CNF, and relative free volume fraction on the thermal conductivity of the coatings. Specifically, a
central composite design (CCD)88,89 was selected to model and optimize the TB coating. The
findings in this work shed new light on the relative dominance of each investigated factor on the
thermal conductivity of the TBC and will assist in the development of such coatings for food
packaging applications in the future.
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2.

METHODOLOGY

2.1. DESIGN OF EXPERIMENTS
Response surface methodology (RSM) is a collection of mathematical and statistical
methods to evaluate relationships between a group of quantitative independent variables and one
or more responses. The RSM enables one to evaluate operation variables that may or may not have
significant effect in the main response.90 RSM is applied only after completing the initial phases
of experimentation that include: 1) Two-level fractional factorial designs that screen the vital few
from the trivial many factors. 2) Full-factorial designs that study the vital few factors in depth and
define the region of interest. The goal of RSM is to generate a map of response, either in the form
of contours or as a 3D rendering. A two-level design cannot fit a response surface, but it can detect
the presence of curvature with the addition of “center points.” If curvature is significant, the design
can be into an RSM.91 The central composite design (CCD), is used to build a second order
experimental model.88,89 CCD is composed of a factorial design, a set of central points, and axial
points equidistant to the center point. The factorial design component of CCD is of the class 2k
factorial where k represents the number of relevant factors or variables. Each of the variables is
taken at two levels meaning that each variable has a low and high numeric value. A coded numeric
value of -1 and +1 is assigned to represent the variable’s low and high values. The geometric
representation of a factorial is a cube in which each corner represents an interaction of the factors
(Figure 2.1). In this perspective, 8 interactions are to be evaluated when 3 processing variables are
selected to determine their significance in the final response. The axial component of CCD refers
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to the points that are equidistant from the center of the cube formed for the factorial design. A
spherical design is obtained in the reason that there is an equal variance from the center to all the
points in the sphere. In consequence, there is a positive axial value (+α) and a negative axial value
(-α).90

Figure 2.1. Central composite designs for three factors.87

The central point component in the CCD is the average of the high and low values
determined in the factorial design. The central point or zero point may be defined as the region
where the optimal conditions are supposedly met.
The TB coating formulation comprises of CaCO3 pigment, a poly(styrene-co-methacrylic
acid) (PS-co-MAA), and nanoadditives (CNC and/or CNF). Moreover, different levels of free
volume in the TB coatings are representative of different levels of bulk porosity. Herein, a threefactor CCD was employed in the Design-Expert software (v13.0) to determine the effects of CNC
volume fraction (designated as Factor A), CNF volume fraction (Factor B), and relative free
volume fraction (Factor C) on the thermal conductivity (response) of CaCO3-based barrier
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coatings. All three factors were considered numeric (continuous). The CCD consisted of 15 design
points, including eight factorial (corner) points, one center point, and six axial (star) points at a
relative distance of α = 1 (face-centered) from the center point (Figure 2.2).
Three additional runs at the design center point were added to estimate the pure error,
resulting in a total of 18 experimental runs. All runs were performed in triplicate and the average
thermal conductivity values were used as responses in the design. The CCD is a very flexible and
efficient design for fitting a full quadratic RSM.92 It is assumed that the response contains a certain
degree of quadratic curvature associated with each factor, as well as curvature due to pairwise
interactions between factors. The 18 runs may be used to estimate the 10 parameters in the full
quadratic RSM. The remaining degrees of freedom may be used to test for lack of fit or add higherorder terms to the RSM if warranted.

Figure 2.2. Graphical representation of a three-factor central composite design

The ranges of levels for Factors A and B in the current work were determined based on a
previous study.39,81 Specifically, weight fractions for Factors A and B ranged from 0-1.7 wt.%.
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The weight fractions were converted to volume fractions using the equilibrated simulated densities
of the nanoadditives (1.47 and 1.35 g/cm3 for CNC and CNF, respectively). The computational
details of density calculations are provided in Section 2.2.1. The resulting CNC volume fraction
(Factor A) and CNF volume fraction (Factor B) ranged from 0-2.50 vol.% and 0-2.70 vol.%,
respectively.39
In a CCD, independent factor levels (xi) are transformed into non-dimensional (coded)
levels (i.e., 𝑥𝑖 = −1, 0, +1). The face-centered CCD design is a type of practical CCD with α =
1. Here, the selection of the star points, 𝑥𝑖 = ±1, corresponds to an orthogonal design

88,89

. In

Table 2.1, the relationship between the coded level (𝑥𝑖 ) for each independent factor and its actual
(uncoded) value (Xi) is shown.

Table 2.1. Factors and their coded and uncoded levels for the central composite design (𝑥𝑖 = A, B, and C)

Coded Level (𝑥𝑖 )

Factor A:
CNC Volume
Fraction (%)

Factor B:
CNF Volume
Fraction (%)

-1
0
+1

0
1.25
2.50

0
1.35
2.70

Factor C:
Relative Free
Volume Fraction
(%)
0
15
30

The range for Factor C (relative free volume fraction) was deliberately chosen between 030 vol.%. Free volume fraction is the ratio of the free volume of the coating represented in the
simulation cell to the total simulation cell volume (Table 2.2). Moreover, relative free volume
fraction is defined as the difference between the free volume fraction of a select coating at a select
low density and that of a coating with an equilibrated density at 298 K and 1 atm (details given in
Section 2.2.1). The different relative free volume fractions were determined based on a linear
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correlation that was established between select target coating densities (0.3, 0.6, 0.8, and 1.18
g/cm3) and their corresponding calculated relative free volumes (Table 2.2). It should be mentioned
here that the average density of a coating with 0.85 vol.% CNC and 0.85 vol.% CNF was used as
the basis for the determination of the relative free volumes. The resulting linear fit to the data (y =
-0.0251x + 1.1725; R2 ≈ 1) (Figure 2.3) was used to estimate the densities of the coatings, i.e.,
0.43, 0.80, and 1.18 g/cm3, equivalent to the relative free volume fractions of 0, 15, and 30 vol.%,
respectively (Table 2.2). In Table 2.3, the final design matrix for the 18 runs and the corresponding
average response values are given. Details of thermal conductivity calculations are provided in
Section 2.2.2.

Table 2.2. Relative free volume fractions of the thermal barrier coatings corresponding to select target
densities.

Target Coating
Density (g/cm3)

Free Volume
(Å3)

Total Simulation
Cell Volume (Å3)

Free Volume
Fraction (%)

Relative Free
Volume Fraction
(%)

0.3
0.6
0.8
1.18

1.73106
7.33105
4.96105
2.62105

2.00106
9.97105
7.49105
5.08105

86.72
73.55
66.29
51.48

35.24
22.07
14.81
0.00

21

Figure 2.3. Linear fit to the coating density vs. relative free volume fraction data.

Table 2.3. CCD matrix in terms of coded levels.
Randomized
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Space
Type
Factorial
Factorial
Axial
Factorial
Factorial
Axial
Center
Factorial
Axial
Factorial
Axial
Factorial
Center
Center
Axial
Factorial
Axial
Center

Factor A:
CNC Vol.
Fraction
(%)
-1
-1
-1
+1
+1
0
0
-1
0
+1
+1
+1
0
0
0
-1
0
0

Factor B:
CNF Vol.
Fraction (%)
+1
-1
0
+1
-1
+1
0
-1
0
+1
0
-1
0
0
-1
+1
0
0
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Factor C:
Relative Free
Vol. Fraction
(%)
+1
+1
0
-1
+1
0
0
-1
+1
+1
0
-1
0
0
0
-1
-1
0

Response:
Average k
(W m-1 K-1)

0.0794
0.0847
0.2233
0.3350
0.0748
0.1950
0.2040
0.3920
0.0867
0.0803
0.2030
0.3653
0.2227
0.2130
0.1987
0.3950
0.3743
0.1840

2.2.

COMPUTATIONAL DETAILS

2.2.1. MOLECULAR MODELS
Models of the individual CaCO3, CNC, CNF, and PS-co-MA coating components, as well
as combined TB coatings were created and imported to the LAMMPS software package.93
Aragonite was used as the calcium carbonate structure due to its more compatible orthorhombic
unit cell with the cube simulation box. The calcite unit cell is triclinic. To construct the aragonite
crystal, a common naturally occurring crystal form of CaCO3, an orthorhombic lattice with
parameters of a = 4.9616 Å, b = 7.9705 Å, c = 5.7394 Å, α = 90°, β = 90°, and γ = 90° with a
density of 2.93 g/cm3 was used.94 A supercell of 2×3×2 aragonite crystal units was created to mimic
a nanocrystal of an appropriate size relevant to the simulation cell dimensions. The partial atomic
charges of aragonite were set at 𝑄𝐶𝑎 = +2.000, 𝑄𝐶 = -0.002 and 𝑄𝑂 = -0.666.
To construct the model for the PS-co-MAA binder, co-monomers of styrene and
methacrylic acid with the reactivity ratio of 0.64:0.22 95 were polymerized in the presence of tertbutyl peroxybenzoate initiator to yield an initiator-terminated PS-co-MAA chain with 15 comonomers (Figure 2.4).

Figure 2.4. The structure of random PS-co-MAA copolymer terminated with tert-butyl peroxybenzoate

initiator. Red: oxygen; Grey: carbon; Purple: copolymer backbone.
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The model for CNC was constructed in a monoclinic Iβ-CNC structure with lattice
parameters of a = 7.784 Å, b = 8.201 Å, c = 10.380 Å, α = 90°, β = 90°, and γ = 96.55° (Figure
2.5). The structure of CNC considered for calculation under pure conditions contains 19,872 atoms
with a density of 1.807 g/cm3. The CNC model for the coating mixtures included three layers in
the x- and z-dimensions with the latter dimension being 20.760 Å. Since CNF represents the
amorphous regions of extremely thin cellulose fibers,39 it was constructed as a single cellulose
chain, comprising 15 monomers. The equilibrated density of an individual CNF system with
21,200 atoms was 1.35 g/cm3. The TB coating mixtures comprised nanocrystalline aragonite,
random PS-co-MAA, CNC, and CNF with the amounts of the latter two nano-additives in the
coating formulation prescribed by the CCD design (Tables 2.1 and 2.3). The copolymer amount
was fixed at 13 wt.% and the balance was aragonite. A schematic representation of a TB coating
mixture comprising 85.3 wt.% nanocrystalline aragonite, 13 wt.% copolymer, and 1.7 wt.% CNC
is shown in Figure 2.6. Since the compositions of the TB coatings were different in each
computational run (Table 2.3), total number of atoms varied between 23,493 and 36,050,
corresponding to simulation box dimensions of 757575 Å3 and 110110110 Å3, respectively.
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Figure 2.5. The unit cell crystal structure of Iβ-CNC along the x (transverse perpendicular), y (transverse

parallel), and z (chain) axes. Red: oxygen; Grey: carbon; White: hydrogen

Figure 2.6. Initial snapshot of a representative TB coating mixture, comprising 85.3 wt.% nanocrystalline

aragonite, 13 wt.% copolymer, and 1.7 wt.% CN.C The aragonite, CNC, and copolymer molecules are
shown in grey, green, and maroon, respectively.

2.2.2. SIMULATION DETAILS
2.2.2.1.

EQUILIBRATION

All simulations were performed in the LAMMPS software package93 using the polymerconsistent force field (PCFF). The TB coatings corresponding to the different runs (Table 2.3)
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were packed in a 3D-periodic simulation cell and energy-minimized using the conjugate gradient
(CG) method.96 All individual coating components and TB coatings underwent a thermal
equilibration using an NVT ensemble with 1 fs timestep for 6 ns. The temperature was maintained
at 298 K using a Nose´-Hoover thermostat97,98 with a decay constant of 100 ns. Cut-off distances
of 12 and 15 Å were used for the short-range interactions of the individual coating components
(aragonite, PS-co-MAA, CNC, and CNF) and the coating mixtures, respectively. The long-range
electrostatic interactions were calculated using the particle-particle particle-mesh (PPPM)
method.99 In Figure 2.7, the time evolution of the total energies of two representative low- and
high-density coatings, corresponding to Runs 5 and 12 in Table 2.3, respectively, are shown,
demonstrating that the systems reached thermal equilibrium after 6 ns of NVT simulation.

Figure 2.7. Evolution of the total energy with thermalization time for two representative low-density (Run

5) and high-density (Run 12) TB coatings.

To calculate the relative free volume fractions (Section 2.1), the equilibrated free volume
of a coating mixture comprising 85.3 wt.% aragonite nanocrystals, 13 wt.% copolymer, 0.85 wt.%
CNC, and 0.85 wt.% CNF was first determined. For this purpose, an NPT simulation was first
performed on the coating mixture at 298 K and 1 atm for 2 ns87 to yield an equilibrium density of
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1.18 g/cm3. Next, the free volume of the equilibrated coating was determined to be 261,596 Å3
using the Connolly Surface method. Dividing the free volume by the equilibrium cell volume
(79.879.879.8 Å3) yielded a free volume percentage of 51.48 %, which was used as the basis
for the calculation of relative volume fractions in the CCD design, as described in Section 2.1.

2.2.2.2. PRODUCTION RUNS
A reverse non-equilibrium molecular dynamic (reverse NEMD) was used to estimate the
thermal conductivity (k) in this periodic system. A heat flux was imposed on the system and the
resulting temperature gradient measured. The Müller-Plathe algorithm,100 was used to exchange
kinetic energy between two particles in different regions (cold and hot slab) of the simulation box
every 1 step. The amount of kinetic energy transferred in a given time through a surface of a given
area is determined by the resulting heat flux vector (J) that depends on the temperature gradient:
𝑱 = −𝑘𝛁𝑇

(2.1)

where 𝛁𝑇 is the temperature gradient. For the average z-component of 𝛁𝑇, i.e., 〈 𝜕𝑇/𝜕𝑧 〉, k is
calculated as:
∑
𝑘= −

𝑚
(𝜈ℎ 2 − 𝜈𝑐 2 )
2
𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑠
𝜕𝑇
2𝑡𝐿𝑥 𝐿𝑦 ⟨ ⟩
𝜕𝑧

(2.2)

The subscripts h and c refer to the hot and the cold particles of mass m whose velocities
are interchanged during the simulation time t. The area is given by the product of 𝐿𝑥 and 𝐿𝑦 , i.e.,
the x and y dimensions of the simulation cell, respectively.100 Kinetic energy is allowed to flow
from the hot (middle) layer to the cold (edge) layers in two opposite directions leading to a
symmetric temperature profile. Figure 2.8 represents a schematic diagram of temperature heat map
of the system over the z direction.
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Figure 2.8. Temperature heat map schematic for Müller-Plathe algorithm

Herein, after 6 ns of NVT run to achieve the equilibration, the simulation cell was divided
into 20-40 layers (depending on the run number) in the z direction. Next, a kinetic energy exchange
was performed by “swapping” the kinetic energies of a pair of particles in the hot and cold layers
every few steps (25-50) through 1 ns of simulation at 298 K with NVT ensemble runs. The
simulation procedure details for individual components and mixture coating from initial stages to
the thermal conductivity measurements are illustrated in the Figure S2 in the Appendices. To
obtain the best linear temperature (versus distance) gradient, the number of layers and swap were
adjusted in the mentioned ranges to achieve a minimum R2 of 0.95 for individual coating
components and a minimum R2 of 0.97 for coating mixtures. To investigate whether any of the
nanocrystals within the coating mixtures would undergo structural changes during the NVT
simulation stage of the RNEMD simulations, the initial and final radial distribution functions
(RDFs) were determined for Ca-O distances in the aragonite nanocrystals in low-density (Run 5)
and high-density (Run 12) coatings (Table 2.3). The results for Run 5 and 12 are shown in Figure
2.9, where the two distributions overlap, signifying the structural integrity of the aragonite
nanocrystals before the production runs for calculating thermal conductivities of the different TB
coatings.
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(a)

(b)

Figure 2.9. Radial distribution functions (RDFs) of the aragonite Ca-O distances in (a) low-density coating

mixture (Run 5) and (b) high-density coating mixture (Run 12) at the initial and final steps of the 6-ns
NVT simulation

To investigate whether the thermal conductivities of the coating mixtures are isotropic or
depend on the system size, directional thermal conductivities of a representative TB coating (Run
13) were calculated at two different sizes. The results are shown in Table 2.4. The larger system
was created by fixing the x and y dimensions of the simulation cell, while increasing the z
dimension. Overall, the kx, ky, kz values for both the small and large systems overlap within their
ranges (as determined by the standard deviations), indicating that the differences are not
statistically significant. Therefore, it is concluded that the coating mixtures are indeed isotropic in
their thermal behavior. Moreover, there is no significant size effect associated with the thermal
behavior of the coating mixtures.

Table 2.4. Directional thermal conductivities of a representative TB coating (Run 13) in two

different sizes.
Direction
Calculated k
(W m-1 K-1)
a
b

x

y

za

zb

0.198±0.002 0.209±0.005 0.222±0.016 0.237±0.024

Small Size (23,493 atoms)
Large size (46,986 number of atoms)
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3. RESULTS AND DISCUSSION
3.1. INDIVIDUAL COATING COMPONENTS
The calculated thermal conductivity of the aragonite crystal was 2.46±0.23 W m-1 K-1,
which is within ±1% of the literature value of 2.6 W m-1 K-1.94,101 Since, to the best of our
knowledge, there are no literature data available for the thermal conductivity of PS-co-MAA, the
simulated value was validated with that of a copolymer with the nearest chemical structure, i.e.,
poly(styrene-co-methyl methacrylate) (PS-co-MMA). The calculated thermal conductivity of PSco-MAA was 0.16 ± 0.003 W m-1 K-1, which is within ± 10% of the literature value for PS-coMMA (0.181 W m-1 K-1).102
Due to the anisotropic structure of CNC, its thermal conductivity was calculated for all
three Cartesian coordinate directions (x, y, and z in Figure 2.5) and the results (kx, ky, and kz) are
shown in Table 3.1. There are good agreements between the calculated ky and kz values and those
reported by Dri et al.103, while the calculate kx in this work is larger than the reported value in
literature. This can be described due to the fact that, in the current study, the CNC density is 1.807
g/cm3, while it’s 1.70 g/cm3 in the work of Dri et al.103 The smaller spacing in our work yields a
denser CNC structure and, correspondingly, the thermal conductivity value becomes larger. No
true validation of the calculated CNF thermal conductivity in this work (0.008 W m-1 K-1) could
be performed since the reported value of 0.04 W m-1 K-1 is for a structure of CNF104 that is different
from the one used in this study

30

Table 3.1. Thermal conductivities of Iβ-CNC in the x, y, and z directions.

kx
(W m-1 K-1)

ky
(W m-1 K-1)

kz
(W m-1 K-1)

Current Work 0.466 ± 0.002 0.512 ± 0.024 0.869 ± 0.036
Dri et al.103

0.240 ± 0.05

0.520 ± 0.05

0.900 ± 0.06

3.2. THERMAL BARRIER COATING
The average thermal conductivities of the different TB coatings, corresponding to the
different CCD runs, are given in Table 3. To select a suitable polynomial RSM model for the data,
a Type I sequential sum of squares analysis of linear, two-factor interactions (2FI), quadratic, and
cubic terms in the model was performed. Using this analysis, a quadratic model was selected as
the one explaining most of the variability in the data. This model maximizes both the adjusted and
predicted R2 with insignificant lack of fit, as shown in Table 3.2. The general quadratic model is
written as
𝑘𝑖 = 𝛽0 + 𝛽1 𝐴 + 𝛽2 𝐵 + 𝛽3 𝐶 + 𝛽4 𝐴𝐵 + 𝛽5 𝐴𝐶 + 𝛽6 𝐵𝐶 + 𝛽7 𝐴2 + 𝛽8 𝐵 2 + 𝛽9 𝐶 2 + 𝑒𝑖 ,

(3.1)

where ki is the predicted response (average thermal conductivity), β’s are the coefficients of the
model terms, i.e., terms related to Factors A, B, and C (Table 3.2), and ei is the error term.

Table 3.2. Fit summary for the average thermal conductivity

Source

Sequential Lack of Fit
Adjusted R² Predicted R²
p-value
p-value

Linear < 0.0001
2FI
0.4347
Quadratic
0.0217
Cubic
0.8538

0.5084
0.4929
0.9457
0.9221
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0.9760
0.9759
0.9895
0.9840

0.9659
0.9328
0.9677 Selected
0.9749 Aliased

The selected quadratic model was further reduced, using a backward elimination procedure
with Akaike’s Information Criterion (AICc), to remove the insignificant terms from the model.105
The resulting reduced model was
𝑘𝑖 = 𝛽0 + 𝛽1 𝐴 + 𝛽3 𝐶 + 𝛽5 𝐴𝐶 + 𝛽9 𝐶 2 + 𝑒𝑖

(3.2)

As seen in this reduced model, the term associated with Factor B (CNF volume fraction)
was eliminated since it was deemed insignificant. An analysis of variance (ANOVA) for the
reduced quadratic model in terms of coded factors (Table 3.3) yielded a model F-value of 430.43
greater than F-critical of 3.18 which indicates that the model is significant. The degree of freedom
for the numerator and denominator are 2 and 51, respectively at the probability distribution of 0.05.
There is only a 0.01% chance (p-value) that this F-value (the ratio of model mean square to the
appropriate error mean square) could occur to noise. All model terms, i.e., A, C, AC, and C2 have
p-values less than 0.05, indicating that they are significant (Table 3.3). Moreover, the lack of fit
F-value of 0.2998 (p-value > 0.05) indicates that it is insignificant, which means the model fits the
response data well. A comparison between the fit statistics for the full versus reduced quadratic
model is shown in Table 3.4. The reduced model has a better agreement between the adjusted and
predicted R2 values than the full quadratic model. Moreover, the adequate precision, which is a
measure of signal-to-noise-ratio, is higher for the reduced model than that of the full model.
Therefore, the reduced model is preferred for the navigation of the design space.
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Table 3.3. Analysis of variance for the reduced quadratic model

Sum of
DFa
Squares
Model
0.2160
4
A
0.0013
1
C
0.2119
1
AC
0.0008
1
C²
0.0020
1
Residual
0.0016
13
Lack of Fit
0.0008
10
Pure Error
0.0008
3
Corrected Total
0.2177
17
a
degrees of freedom
b
p-values <0.05 are significant
c
an insignificant lack of fit is desired.

Mean
Square
0.0540
0.0013
0.2119
0.0008
0.0020
0.0001
0.0001
0.0003

Source

F-value

p-valueb

430.43
10.72
1688.94
6.01
16.05

< 0.0001
0.0060
< 0.0001
0.0291
0.0015

0.2998

0.9356c

Table 3.4. Fit statistics for the full quadratic versus reduced quadratic model

Model

Adjusted R²

Predicted R² Differencea

Full quadratic
0.9895
0.9677
0.0218
model
Reduced quadratic
0.9902
0.986
0.0042
model
a
a lower difference gives a better model
b
a measure of signal-to-noise ratio; A larger precision is desired.

Adequate
Precisionb
37.03
53.25

Diagnostics of the model provided a normal distribution of the residuals. Moreover, no
pattern was detected in the residuals versus predicted data, confirming that the variance could be
considered constant. Both of these conditions are important when performing the ANOVA of the
model and its terms. The associated plots are provided in Figure S1 in the Appendices Information
section. The final RSM model for the average thermal conductivity in terms of the coded factors
is given as:
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𝑘 = 0.2055 − 0.0116𝐴 − 0.1456𝐶 + 0.0097𝐴𝐶 + 0.0213𝐶 2

(3.3)

Since this model is in terms of coded factors (-1, 0, +1), the relative impacts of the factors
on the response can be determined by comparing the coefficients of the associated terms. Hence,
Factor C (relative free volume fraction) is more influential in lowering the thermal conductivity of
the coating mixtures, as expected, since its coefficient is much larger than that of Factor A (CNC
volume fraction). Both coefficients are negative, indicating that both Factors A and C contribute
to the lowering of thermal conductivity (improving the thermal barrier properties) of the coatings.
A similar observation can be made by investigating the perturbation plot for Factors A and C in
coded units, where the reference point (Code 0) corresponds to the mid-point in the levels of all
factors (Figure 3.1). A larger deviation in the thermal conductivity of the TB coatings with
changing the levels of Factor C than that observed for Factor A signifies its larger impact on the
response. An interesting finding in this work is that Factor B (CNF volume fraction) does not have
a significant influence on the thermal conductivity of the TB coatings, despite the fact that CNF
additive introduced into TB coatings resulted in large temperature differences in experimental
investigations.106 Therefore, it can be eliminated from the coating formulation.
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Figure 3.1. Perturbation plot for the significant Factors A and C. Factor B is not included in the model. The

deviations are provided in coded units.

As shown in Figure 3.1, the average thermal conductivity of the coatings decreases as the
CNC and relative free volume fractions increase. The lowest thermal conductivity is achieved at
the high level (+1) of both Factors A and C. The findings in this work on the role of CNC
nanoparticles and relative free volume (porosity) on improving the thermal barrier properties of
the coatings (lowering of their thermal conductivities) is in excellent agreement with the findings
in the work of Hutton-Prager et al.39, where 2 wt.% CNC in a CaCO3-based coating formulation
(equivalent to 2.5 vol.%, which is the high level for the CNC volume fraction in the current work)
was shown to increase ΔT by 28.3°C and reduce thermal conductivity by 0.0142 W m-1 K-1. In this
work, a decrease of 0.0297 W m-1 K-1 in the simulated thermal conductivity of the CaCO3-based
coating was observed (compare between Runs 8 and 12 in Table 2.3). Moreover, in a recent work
by Hutton-Prager et al.81, significant increases in ΔT (reduction in thermal conductivities) were
observed when different CNC:CNF ratios were added to a CaCO3-based coating on a cellulose
substrate. The coatings had the same formulation as those used in this work. While the
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nanoenhanced coatings did not differ significantly from each other in terms of their ΔT because of
their large overlapping error bars, the 100% CNC coating (no CNF in the formulation) yielded the
highest average ΔT. Moreover, a drop in the average ΔT was observed as more CNF was added to
the formulation and, hence, the CNC content was lowered. Though Hutton-Prager et al. 81 observed
an increase in ΔT when CNF alone was added to the coating, our findings herein contradicts that
observation. It is speculated that the difference in observations is due to the difference in the
structure of CNF in the two works. The CNF structure used in this study is 100% amorphous, while
the actual CNF is composed of amorphous and crystalline regions. Overall, the findings in this
work confirm the influence of CNC on improving the TB properties of CaCO3-based coatings.
In Figure 3.2, the interaction effect between Factors A and C on the average thermal
conductivities of the coatings is illustrated. Judging from the magnitude of the AC coefficient in
the reduced quadratic model (Equation 3.3) and a slight difference in thermal conductivity versus
CNC volume fraction (Factor A) at low and high levels of Factor C (relative free volume fraction)
in Figure 3.1, a weak interaction between Factors A and C is observed. The CNC nanoparticles
have a slightly stronger effect on reducing the thermal conductivity of the coatings at low relative
free volume fractions. According to Hutton-Prager et al.81, adding CNC nanoparticles to CaCO3based coatings may lead to an increase in surface porosity after heat treatment, and the resulting
“micropores” and “nanopores” would improve the thermal barrier performance of the coatings.
Certainly, a weak interaction effect is revealed herein between the CNC volume fraction and
relative free volume fraction (a measure of bulk porosity in the coatings). While no conclusive
statement can be made herein regarding a cause-and-effect relationship between the two Factors
A and C, the effect of CNC addition to the coating formulation on the resulting average pore size
and pore size distribution in the coating was investigated. For this purpose, histograms of pore size
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(free volume) distributions for the low and high CNC levels, i.e., 0 and 2.50 vol.%, respectively,
at the low and high levels of relative free volume fraction (0 and 30%) were generated for thermally
equilibrated coatings (after 6 ns of NVT simulation) by the Zeo++ software package107,108 (Figure
3.3). No significant differences were observed between the pore size distributions and average
pore sizes of the coatings with or without CNC in the coating formulation at either low (Figure
3.3a) or high relative free volume fractions (Figure 3.3b). However, significant differences
between the pores size distributions and average pore sizes of the coatings with low (0%) and high
relative free volume fraction (30%) were observed (Figure 3.3). For the former, the average pore
size is ~5.24 Å, while for the latter it is ~6.50 Å. Moreover, the distribution of the latter is broader.
Therefore, the slightly larger decrease in the thermal conductivity of the TB coatings with the
addition of CNC at low relative free volume fractions than that observed for high relative free
volume fractions can be attributed to a slightly larger CaCO3-CNC interfacial phonon
scattering56,109 for the former than the latter. Though the same solid-solid interfacial phonon
scattering is present in the coating at larger relative free volume fractions, the effect of porosity
dominates the reduction in its thermal conductivity due to pore phonon scattering. This effect was
theoretically studied by Sumirat et al.110, who developed the following equation for the effect of
porosity on the thermal conductivity of porous insulating materials:
𝑘
=
𝑘0

1 − 𝜑
1
𝑙
1 + 𝑅0 𝜑 3
𝑝

(3.4)

where k, 𝑘0 , 𝜑, 𝑙0 , and 𝑅𝑝 are thermal conductivity, thermal conductivity at zero porosity, porosity,
mean free path of phonons at zero porosity, and pore size, respectively. Based on this relationship,
an increase in porosity of the material leads to a decrease in effective thermal conductivity
(𝑘⁄𝑘0 ).110,111
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Figure 3.2. Interaction effect of Factor A and C.

(a)

(b)

Figure 3.3. Derivative pore size distributions in coatings with low and high CNC levels (0 and 2.50
vol.%, respectively) at (a) low (0 vol.%) and (b) high relative free volume level (30 vol.%). The
distributions were obtained after the coatings were thermally equilibrated for 6 ns.

The response surface plot for the thermal conductivity of the coatings is illustrated in
Figure 3.4. The lowest thermal conductivity (0.075 W m-1 K-1), which corresponds to the desired
thermal barrier property of the coating, is obtained for the coating with 2.50 vol.% CNC at the
highest relative free volume fraction of 30%. Since the CNF volume fraction has no significant
effect on the thermal conductivity, its level is set at 0 vol.% (no CNF addition).
38

Figure 3.4. Surface plot for thermal conductivity

3.2.1. OPTIMIZATION
The main advantage of using response surface methodology (RSM) is that the response can be
optimized by controlling the input parameters. According to the previous sections, it is shown that
by increasing CNC and porosity (relative free volume), thermal conductivity decreases. Since the
factor B (CNF) is insignificant in the model, its value is considered 0 %. The goal of this work is
to achieve the lowest thermal conductivity to have a thermal barrier coating.
In order to validate the predicted optimization results, a simulation run to measure thermal
conductivity was run using the optimize factors. In the optimal conditions, the thermal conductivity
was measured and compared with the data predicted by the model. The results shown in table 3.5
indicate that the model can predict the optimal experimental conditions well.
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Table 3.5. Optimal condition values
Optimum
Results

Calculated K

CNC
Fraction

CNF
Fraction

Relative
Free
Fraction

Simulation
Value

Predicted
Value

Deviation
(%)

2.489

0

30

0.079±0.001

0.079

0.0
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4. CONCLUSION
The thermal barrier performance of pigment-based coatings for cellulosic substrates have
recently been improved by the addition of nanoparticles such as cellulose nanocrystals (CNC) and
cellulose nanofibers (CNF). For a systematic investigation of these coatings, a central composite
design was employed in this work to investigate the effects of three independent factors, i.e., CNC
volume fraction (Factor A, 0-2.5%), CNF volume fraction (Factor B, 0-2.7%), and relative free
volume fraction (Factor C, 0-30%) on the thermal conductivity of a calcium carbonate-based
coating. A reduced quadratic response surface model (RSM) was fitted to the thermal conductivity
data obtained at 298 K through reverse nonequilibrium molecular dynamics (RNEMD) simulations
using the Müller-Plathe algorithm. Subsequently, the goodness-of-fit of the model was determined
using analysis of variance. Based on the RSM predictions, coatings containing maximum CNC
volume fraction (2.5 %) and relative free volume fraction (30%) exhibited lowest thermal
conductivity (0.075 W m-1 K-1), while CNF volume fraction was deemed an insignificant factor
and eliminated from the model. Relative free volume fraction (Factor C) was found to have the
largest impact on the thermal conductivity of the coating, plausibly due to a dominant pore phonon
scattering mechanism. A weak interaction between Factors A and C was observed, manifesting as
a slightly larger decrease in the thermal conductivity of the coating at 0% relative free volume than
that observed at 30%. An analysis of average pore size and pore size distribution of the coatings
did not reveal any significant differences for coatings containing 0 and 2.5 vol.% CNC. It is
plausible that interfacial phonon scattering at the CaCO3-CNC interfaces is slightly larger for the
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coatings at 0% relative free volume fraction than 30%. For the latter, the effect of porosity
and pore phonon scattering is dominant. The results of this work can be used for the design of
more efficient thermal barrier coatings for cellulosic substrates and the employed methodology
can be extended to other coating materials.
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5. FUTURE WORKS
The thermal barrier coating developed with the CNC may be used in applications of wet or
humid environments as well. Developing a multifunctional coating on cellulose substrates using
CNC with a high water contact angle will protect the food from water spoilage. Preliminary
experimental studies have documented changes in CA39 but these can be studied via simulation as
well.
Another functionality engineered into the coating will be mechanical robustness, to
minimize potential damage during transportation. The introduction of CNC/CNF additives to
paper coatings will improve mechanical properties and overall robustness of the coated material.
Dynamical Mechanical Analysis (DMA) tests can be used to assess the mechanical performance
such as Storage Modulus (Gˊ) and Loss Modulus (G˝) versus temperature. Modeling these
properties via computational methods will enable prediction of the coatings’ mechanical behavior
in the presence of nano-additives and temperature gradients.
Performing a DOE set up for the coating formulation components and temperature (as
factors) considering the three responses of thermal conductivity, contact angle and mechanical
properties) using MD simulations will be advantageous to optimize these parameters with the
desired multi-functional response. It is also suggested to see the effect of CNC volume above the
optimal point (2.5%) on the trend of thermal conductivity of the TB coating.
Another method to estimate the thermal conductivity of the TB coating called Green-Kubo
may be considered, which is a non-equilibrium molecular dynamics (NEMD) which takes more
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time to calculate the thermal conductivity. Comparison of the result between this method
and the Muller-Plathe one which is an RNEMD method will determine the most efficient thermal
conductivity method to use for the TB coating.
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DIAGNOSTICS

(a)

(b)

Figure S1: (a) Normal plot of residuals and (b) residuals versus predicted plot for the average thermal
conductivity data (low: 0.0748 W m-1 K-1; high: 0.395 W m-1 K-1).
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SIMULATION PROCEDURE

Figure S2: Simulation procedure details for thermal conductivity measurements.
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